Introduction N "-Pteroyl-L-ornithine (1) has been shown recently (1) to be a potent in vitro inhibitor of the enzyme folylpolyglutamate synthetase (FPGS), whose normal biological function is to catalyze the addition of several molecules of L-glutamic acid to the y-carboxyl group of cellular reduced folates (2, 3) . Two important consequences of this process are increased cellular retention (4, 5) and increased binding to certain key enzymes of the folic acid pathway that use reduced folates as cofactors (6 -12) . Several groups have shown (13 -36) that classical antifolates with a glutamate side chain, such as methotrexate (MTX), are also converted to polyglutamate derivatives in the cell. Polyglutamates of MTX, like those of reduced folates, exhibit increased cellular retention, but in addition show a broadened range of enzyme-inhibitory activity (37 -41) . Indeed, it has been suggested that MTX should be viewed as a prodrug, and that polyglutamylated derivatives of MTX are the actual species responsible for cell killing (24) .
The work of several investigators (42-44) on thymidine and purine auxotrophy in mutant mammalian cells with defective FPGS activity has provided compelling evidence of the importance of this enzyme for cell survival, and has led to the proposal (45) that FPGS may be an exploitable enzyme site for chemotherapy, Sustained FPGS inhibition should lead to eventual folate depletion, since species containing less than two glutamates undergo active efflux from the cell (46) , While this depletion may in itself be toxic to cells, a second, and perhaps more significant, effect would be to potentiate the toxicity of antifolates of the "non-classical" type, such as trimetrexate (47) or piritrexim (48) , which lack a glutamate side chain and therefore do not depend on polyglutamylation for biological activity.
Several laboratories have been actively searching for FPGS inhibitors in the hope of putting this concept into practice (1, (49) (50) (51) (52) (53) (54) . It was recently reported (1) that N"-pteroyl-L ornithine (1) , and to an even greater degree the 7 ,8-dihydro and 5,6,7 ,8-tetrahydro derivatives of 1, are inhibitors of purified FPGS from porcine liver. The L-ornithine derivative of 4-amino-4-deoxypteroic acid has likewise been reported to be highly active against mouse (51) and human (55) enzyme, and is more active than the corresponding N 10 _ methyl analogue (54) . In this paper we report a straightforward synthesis of 1 for biological and biochemical studies, and, in addition, describe the synthesis of the heretofore unknown N°-benzoyl and N°-hemiphthaloyl derivatives 2 and 3. These N°-acyl derivatives came to be of particular interest because of our recent finding (56) that N 8 -hemiphthaloyl-N"-(4-amino-4-deoxypteroyl)-L-ornithine (4) and its N°-benzoyl analogue are much more cytotoxic than the non-acylated parent compound, presumably because acylation of the terminal nitrogen prevents protonation, which is unfavorable for transport into cells. An improved synthesis of (4) is also described. Our synthesis of 1 is outlined in Scheme 1 and began with commercially available folic acid, which on heating in 98% formic acid at 80°C for 2 h was converted to the N lO -formyl derivative 5 as reported (57) . Direct treatment of 5 with carboxypeptidase GJ, which is known for its ability to rapidly cleave folic acid to pteroic acid (58) , afforded a 78% o verall yield of the known compound N10-formylpteroic acid (6) (59).
Attempts to condense 5 with N°-(tert-butyloxycarbonyl)-L-ornithine in DMF via the mixed carboxyliccarbonic anhydride method were minimally successful because of the low solubility of the amino acid in DMF. Likewise unsuccessful were efforts to condense 6 with O,N°-bis(trimethylsilylated) N°-(tert-butyloxycarbonyl)-L-ornithine in the presence of diethyl phosphorocyanidate even though this method had worked well with 4-amino-4-deoxy-N 1 o-methylpteroic acid (51) . On the other hand , when the more soluble silylated amino acid was condensed with 6 by the mixed anhydride method (i-BuOCOCljEt3N), the desired coupling product 7 was isolated in 44% yield after chromatographic purification on silica gel (5: 4 : 1 CHCl r MeOH-NH 4 0H) to separate unreacted 6. Removal of the NIO-formyl group was accomplished in 68% yield by allowing 7 to stand in 0.25 N NaOH for 5.5 h. The progress of the reaction was conveniently monitored by TLC, which showed replacement of the blue-fluorescent spot corresponding to 7 by a slower-moving non-fluorescent spot corresponding to 8. Hydrolysis of the N°-(tert-butyloxycarbonyl) group in 8 with neat tritluoroacetic acid at 0 "C was complete in 2 h and afforded , after workup, a nearly quantitative yield of the desired product 1, which was of analytical quality without further purification.
For the synthesis of the N°-acylated derivatives 2 and 3, we chose to block the a-carboxyl group in the Lornithine moiety as a methyl ester, which we hoped might result in higher yield in the coupling step than had been obtained in the preparation of 7, and would have the added advantage of making the products more mobile on a silica gel column. The previously unknown hydrochloride salts of the methyl esters 9 and 10 of Nb-benzoyl-L-ornithine and N°-phthaloyl-L-ornithine, respectively, were prepared in 95 -100% yield by reaction with methanol in the presence of thionyl chloride, and were then condensed with 6. The mixed anhydride method was used once again, except that more than one cycle of i-BuOCOCl j Et.lN activation was used (60) in the hope of improving the yield. Yields of the resulting products 11 and 12 were found to be 54% and 75%, respectively. The final step in the preparation of 2 and 3 required selective hydrolysis of the NI()-formyl group without concomitant cleavage of the N"-bcnzoyl group in 11 or the N Ii-phthaloyl group in 12. In the case of 3, moreover, it was also important to be able to only half-hydrolyze the N°-phthaloyl moiety. Fortunately, it was discovered that alkaline hydrolysis of 11 and 12 in 50% aqueous DMSO greatly favored N!O-deformylation, permitting the desired products 2 and 3 to be isolated in yields of 70% and 84% , respectively, after ehro- . Interestingly, while 3 was found to be eluted from the anion-exchange column with 0.4 M NH 4 HC0 3 , 2 could not be removed with this eluent but instead required 0.5 M NH 4 HC0 3 which was adjusted to pH 10 with NH 4 0H. Freeze-drying of the column eluate afforded 2 as a hydrated acid, whereas 3 was obtained as a hydrated ammonium salt. This finding, along with the absence of an imide C = 0 peak in the IR spectrum at 1705 cm I and the greater mobility of 3 rela tive to 2 on DEAE-cellulose, allowed us to conclude that the compound had the desired N°-hemiphthaloyl structure and was not, in fact, a ring-closed N°-phthaloyl analogue.
Mixed anhydride coupling of 10 with 4-amino-4-deoxy-N1o-formylpteroic acid instead of 6 gave N°-phthaloyl-N"'-(4-amino-4-deoxy-NI O -forrnylpteroyl)-L-ornithine (13) in 75% yield, while further treatment of 13 with NaOH in aqueous DMSO gave N°-hemiphthaloyl-N"-( 4-amino-4-deoxypteroyl)-L-orni thine (4) in 85% yield (Scheme 2). This represents a great improvement over the previous method of synthesis of 4, a compound which is of potential therapeutic interest because of its high activIty against MTXresistant as well as MTX-sensitive tumor cells in culture (51) . Removal of the NIO-formyl group and opening of the phthaloyl ring was markedly accelerated by the DMSO, which is known to promote nucleophilic reactions. We have previously observed that when 13 is hydrolyzed without DMSO, the phthaloyl ring opens rapidly, but cleavage of the NIO-formyl group in the resulting hemiphthaloyl derivative is relatively slow, resulting in substantial formation of N"-(4-amino-4-deoxypteroyl)-L-ornithine as a byproduct. It appears that the favorable effect we are observing with DMSO is due to selective acceleration of nucleophilic attack by hydroxide ion on the N 1o _ formyl as opposed to N°-hemiphthaloyl group .
In summary, we have developed a straightforward route to 1 and its N°-acylated derivatives 2 and 3 which starts from the inexpensive starting material folic acid and is readily adaptable to the synthesis of other N°-blocked derivatives of 1 as candidates for biochemical and biological evaluation. An improved synthesis of the 4-amino analogue 4 based on this route is al so described. 
Methyl N°-benzoyl L-ornithinate hydrochloride ( 9 , HC!)
A stirred suspension ofN°-benzoyl-L-ornithine (1.3 g, 5.5 mmol) in MeOH (50 mL) was cooled in an ice bath and treated dropwise with SOCI 2 (5 mL) while maintaining the reaction temperature below 12°C. When addition was complete, the bath was removed and the solution left to stir at room temperature for 18 h . The solvent was evaporated under reduced pressure and the residue was recrystallized by dissolving it in a minimal amount of MeOH and diluting with a large volume of EtOAc. The collected solid was dried in vacuo at 60°C over P 2 0 S to obtain a white powder (1. 
A solution of folic acid (4.41 g, 0.01 mol) in 98% HCOOH (50 ml) was kept at 80 uC for 2 h and evaporated to dryness under reduced pressure. The residue was taken up in H 2 0 (100 mL), the pH was adjusted to 9.0 with concentrated ammonia, the mixture was warmed to 70°C until all the solid dissolved (15 min), and the solution was acidified with 10% AcOH to pH 4.0 to form a gel that could not be filtered. Overnight refrigeration caused formation of a more granular product, which was filtered and freeze-dried to obtain a solid (4.15 g). A 250 mg portion of the solid was dissolved in H 2 0 (7 mL) by adding 1 N NaOH dropwise with stirring to bring the pH to 7. This solution was applied to a DEAE-cellulose column (1.5 x 28 cm, HC0 3 -1 form), which was eluted first with H 2 0 and then successively with 0.05 , 0.1 , 0.15 , and 0.2 M NH 4 HC0 3 (100 mL each) to obtain 10-formylfolic acid (5) as a nearly white solid (171 mg); Rr 0.8, blue-fluorescent spot (cellulose, 3% NH4Cl). The remainder of the crude product was purified similarly; total yield 2.84 g (60%).
Compound 5 (1 g, 2.13 mmol) was dissolved in 1 M NaOAc (300 mL) by adjusting the pH to 11.8 by dropwise addition of 1 N NaOH and sonication . The pH was then adjusted to 9.0 with 10% AcOH, ZnCh (50 mg) added, the pH reaJjusLed to 8.0 with 10% AcOH . The solution was warmed to 37°C and stirred while carboxypeptidase G 1 (2 J.!L , 4500 units/mL) was added. Stirring was continued overnight, at which time the original blue-fluorescent TLC spot, Rr 0.82 (cellulose, pH 7.4 phosphate buffer), corresponding to 5 was replaced by a slower-moving blue-fluorescent spot, Rr 0.68 , corresponding to 10-formylpteroate (6). The solution was acidified to pH 4.7 with AcOH, refrigerated overnight, filtered, and washed with H 2 0. The collected solid was dried in a lyophilization apparatus; yield of yellow powder, 0.68 g (94%); Rr 0.6 (silica gel, 1 : 4 concd NH 4 0H-EtOH), R r 0.5 (cellulose, 3% NH 4 CI); Amax (pH 1.0) 248, 302 nm; Amax (pH 11) 256, 275 infl, 365 nm . This material was used without further purification for the coupling step (see below).
To a stirred suspension ofN& -(tert-butyloxycarbonyl)-L-ornithine monohydrate (0.55 g, 0.0022 mol) in dry benzene (10 mL) were added consecutively Et3N (0.89 g, 0.0088 mol) and chlorotrimethylsilane (0.96 g, 0.0088 mol). After being left to stir in a closed flask at room temperature for 21 h, the reaction mixture was diluted with hexane (25 mL) and quickly filtered. The solid was washed with hexane, the combined hexane solutions were evaporated, and the residue was redissolved in dry DMF (10 mL) for use in the next step.
Isobutyl chloroformate (0.30 g, 0.0022 mol) and Et3N (0.25 g, 0.0024 mmol) were added at room temperature to a stirred suspension of 6 (0.75 g, 0.0022 mol) in dry DMF (40 mL). After 30 min, the solution of silylated N°-(tert-butyloxycarbonyl)-L-ornithine in DMF (see above) was added, an additional 5 mL of DMF being used to complete the transfer. The mixture was stirred at room temperature for 3 h, and the progress of the reaction was monitored by TLC on silica gel (1: 4 : 5 concd NH 4 0H-MeOH-CHCI 3 : 6, blue-fluorescent, R r 0.24; 7, blue-fluorescent, Rr 0.42) and cellulose (pH 7.4 phosphate buffer: 6, R r O.60; 7, R r 0.74). After evaporation to dryness under reduced pressure, the residue was taken up in 1 : 4 : 5 concd NH 4 0H-MeOH-CHCI 3 (50 mL), adsorbed onto a dry column of silica gel (300 g), and eluted with the same solvent mixture. Fractions containing only 7 were pooled, while fractions still contaminated with 6 were rechromatographed three more times. All fractions containing 7 were combined and evaporated to dryness, and the residue was stirred in 10% NH 4 0H until most of it dissolved. A small amount of insoluble material was removed by filtration, and the filtrate was freeze-dried to give a pale-yellow powder (0.56 g. 
N & -(tert-Butyloxy carbonyl) pteroyl-L-ornithine (8)
A solution of the 10-formyl derivative 7 (515 mg, 0.893 mmol) in 0.25 N NaOH (30 mL) was kept at room temperature for 5. 
The preceding compound (309 mg, 0.567 mmol based on monohydrate formula) was dissolved in trifluoroacetic acid (3.5 mL) at 0 "c. The solution was stirred at 0 °C for 2 h before being added dropwise with stirring into Et 2 0 (100 mL) . The precipitate was filtered , washed with Et 2 0 , and redissolved in a mixture of AcOH (5 mL) and H 2 0 (40 mL) at the reflux temperature. The solution was filtered to remove a trace of cloudiness, and the filtrate was added with stirring to a mixture of coned NH 4 0H (10 mL) and H 2 0 (40 mL). The pH was adjusted to 8.7, and the flocculent precipitate was allowed to settle at O°c.
The product was collected, washed with H 2 0, and dried, first in a lyophilizer and then at 100°C in vacuo over P 2 0 S to obtain a bright-yellow powder (235 mg). The mother liquor was freeze-dried and the residue dried as above to recover an additional quantity of pure product; total yield 262 mg (96%); mp > 240°C (12) The same procedure was followed as in the preparation of 11, using 10 
The same procedure as in the preparation of 2 was followed, except that 12 was used in place of 11 and that the product was eluted from DEAE-cellulose column with 0. were pooled and evaporated, and the residue was taken up in CHCI 3 . The solution was washed twice with H 2 0 , dried (MgS0 4 ), and evaporated to a small volume. Addition of this concentrated solution in a thin stream to Et 2 0 caused precipitation of a solid, which was collected and dried in vacuo (80°C, P 2 0 S ) to obtain a yellow powder (1 .35 g). Impure early and late fractions from the silica gel column were combined and evaporated, and the residue was taken up in warm CHCI 3 , and applied onto a second silica gel column (30 g, 2.0 x 28 cm), which was eluted successively with CHCI 3 , 98: 2 CHClrMeOH, and 95: 5 CHClrMeOH . Fractions containing only 13 according to TLC were worked up as described above to obtain an additional amount of yellow powder (0.18 g); total 1.53 g (75% yield) . 
N "-( 4-Amino-4-deoxypteroy l) -N°-( hemiphthaloyl ) -Lornithine (4)
The foregoing ester (0.965 g, 1.55 mmol) was dissolved in DMSO (10.5 mL) with slight warming, and after the solution returned to room temperature, 10% NaOH (3.7 mL) was added dropwise over 1 min. After 5 min, H 2 0 (20 mL) was added, followed by continued stirring and slow addition of 1 N HCI until a pH of 7.5 was reached. The solution was applied onto a DEAE-cellulose column (140 g, 3.0 x 36 cm) which had been equilibrated with 3% NH 4 HC0 3 and then washed to neutrality with distilled H 2 0 . After the solution of 4 was applied to the column, the latter was washed with a large volume of distilled H 2 0 (until the conductivity of the eluent was 4.5 Q) and then with 3% NH 4 HC0 3 • The column eluate was monitored by TLC (R r 0.23 , silica gel, 5 : 4 : 1 CHCl r MeOH-concd NH 4 0H) and HPLC (CI S silica gel, 10% EtOH in 0.1 M NH 4 0Ac, pH 7.5, flow rate 2 mL/min, retention time 13.0 min) , and fractions consisting of pure 4 were combined, and evaporated . The residue was dried first on a lyophilizer and finally in vacuo at 80°C over P 2 0 S to obtain a yellow powder (0.72 g). Fractions of 90% HPLC purity were repurified by the same procedure; total yield 0.81 g (85%). The product was indistinguishable from the analytical specimen prepared earlier.
